Fragments of bundle sheath strands, free of mesophyll cells and showing a chlorophyll a/b ratio of 6.0 to 6.6 were prepared from Zea mays by a mechanical method. They were unable to photoreduce ferricyanide but were able to photoreduce the membrane-permeant 2,5-dimethylquinone at a rate of 250 to 420 microequivalents per hour per mg chlorophyll (ueq/hr.mg Chi) at 21 C. In the presence of the catalase inhibitor KCN We have attempted to reevaluate the in situ photochemical activities of chloroplasts in isolated maize BS fragments by carefully optimizing the reaction conditions. We used 2,5-dimethylquinone (DMQ) as the PSII electron acceptor, which is a membranepermeant oxidant and is by far the more stable and therefore more reliable as a PSII acceptor than is unsubstituted p-benzoquinone (24). MV, a standard PSI electron acceptor for chloroplast studies, tumed out to be useful also for isolated BS cells. This was not surprising, since MV is a widely used contact herbicide ("paraquat") and is known to penetrate the leaf tissue readily (see, e.g. 3).
(ueq/hr.mg Chi) at 21 C. In the presence of the catalase inhibitor KCN, methylviologen catalyzed a Mehier reaction at a rate of 120 to 180 1eq/hr.mg Chi. This was increased to 200 to 350 yeq/hr.mg Chi when the uncoupler methylamine was added. The rate of endogenous pseudocyclic electron flow, detected as a Mehier reaction, was also considerable (100 to 150 peq/hr.mg Chl with methylamine). Diaminodurene supported a high rate of photosystem I-mediated electron flow to methylviologen (400 to 750 fteq/hr.mg Chl).
When the tissue fragments were illuminated in a weakly buffered suspension, a reversible rise in the medium pH was observed which apparently originated from H+ translocation in the thylakoids. The kinetics of the pH changes was rather slow ( t12 > 15 seconds for pH rise; > 30 seconds for dark decay) but the extent of H+ uptake was substantial (0.1 to 0.3 ,ueq/mg Chi). All of the electron transport reactions tested, including partial reactions which involve only photosystem I or photosystem II, invariably supported H+ uptake. This suggests that two sites of energy conservation are associated with the photosynthetic chain in the bundle sheath chloroplasts (as in spinach chloroplasts) and that both of these sites are functional in vivo. The pH changes observed in the absence of exogenous electron carriers were abolished by 3-(3,4-dichlorophenyl)-I,1-dimethylurea or by anaerobiosis, indicating that the underlying endogenous electron transport was strictly a pseudocyclic reaction. There was no evidence of endogenous cyclic electron flow which might contribute to the energy metabolism of the bundle sheath cells.
The PSII activity of isolated maize BS' chloroplasts was reported in early papers to be unmeasurably low (5, 29) . In subsequent papers, substantial rates of PSII-mediated electron flow to a variety of acceptors such as MV (50 lieq/hr.mg Chl; ref. 4 (19, 28) , but the electron flow rates observed (50-80 ,ueq/hr. mg Chl at 30 C) are even lower than most of the rates reported for isolated BS chloroplasts.
We have attempted to reevaluate the in situ photochemical activities of chloroplasts in isolated maize BS fragments by carefully optimizing the reaction conditions. We used 2,5-dimethylquinone (DMQ) as the PSII electron acceptor, which is a membranepermeant oxidant and is by far the more stable and therefore more reliable as a PSII acceptor than is unsubstituted p-benzoquinone (24) . MV, a standard PSI electron acceptor for chloroplast studies, tumed out to be useful also for isolated BS cells. This was not surprising, since MV is a widely used contact herbicide ("paraquat") and is known to penetrate the leaf tissue readily (see, e.g. 3) .
The in situ photochemical activities of maize BS chloroplasts are quite comparable to the highest activities reported for isolated BS chloroplasts (9) . Perhaps more importantly, this paper also describes experiments in which we have successfully detected an electron transport-dependent H+ uptake by isolated BS fragments. Preparation of BS Fragments. BS fragments were isolated from secondary leaves taken from 2-to 4-week-old plants. All isolation procedures were performed at 0 to 4 C using ice-chilled media. Ten to 12 g (fresh weight) of leaves were cut transversely into Ito 2-cm segments. Two to 3 g of these segments were combined with 5 ml of the isolation medium that contained 0.5 M sucrose, 80 mM Tricine-NaOH buffer (pH 7.8), 5 Figure 3 . MV acted as a very efficient electron acceptor in BS fragments (rate-saturation at 20 PM; Fig.   3A ). The stimulatory effect of methylamine saturated at 5 to 10 mm (between pH 7 and 8), and higher concentrations tended to be inhibitory (Fig. 3B) . The pH profiles for the MV reaction (Fig.  3C) (Fig. 4A) as compared with isolated spinach chloroplasts in which 0.5 mm was rate-saturating (24) . The optimal pH was 7 (Fig. 4B) . Methylviologen had only a small effect on DMQ reduction (10-300%o stimulation between pH 7 and 7.5; data not shown). This insensitivity to uncouplers is characteristic ofelectron flow driven mostly by PSII (24) . The H20--DMQ reaction was inhibited only 35% by the plastoquinone analog DBMIB (26) (Fig. 4C ). This suggests that about 65% of the DMQ reduction was mediated by PSII alone. The concentration of DBMIB required to block the H20 --MV reaction (>3 ,UM) was approximately five times higher than that required in isolated spinach chloroplasts (16, 27) , indicating that in BS cells the accessibility of the thylakoids to DBMIB is somewhat limited.
MATERIALS
Besides DMQ, we tested 2,5-and 2,6-dichloro-p-benzoquinone and oxidized DAD (24) Figure 7A along with traces from an experiment with isolated mesophyll chloroplasts that were obtained as a by-product of BS isolation (Fig. 7B) . Reflecting the diffusion barriers imposed by the chloroplast envelope and/or the plasma membrane, the pH changes in BS cell suspensions (tl/2 for pH rise, 15-30 sec; for decay, 30-50 sec) were an order of magnitude slower than those observed for mesophyll chloroplast suspensions (t1/2 for rise, 2-3 sec; decay, 3-4 sec).
However, the extents of H+ uptake were sizable (Table I ). The largest value of 307 neq/mg Chl obtained for the DAD-mediated cyclic electron flow is comparable to those values documented for isolated spinach chloroplasts (_0.6 ,ueq/mg Chl; see e.g. refs. 15 and 17). The light-induced pH changes observed in the absence of added redox agents was completely inhibited by DCMU or by 02 depletion (bubbling with N2), indicating that the underlying endogenous electron flow was strictly a pseudocyclic reaction (Fig.  7A and Table I ). The existence of a fairly active endogenous pseudocyclic electron transport system in the BS cells has already been described (Figs. I and 2 ). There was no indication of H+ changes that might be attributable to endogenous cyclic electron flow.
The H+ uptake supported by the H20 -+ DMQ reaction in BS cells was only slightly inhibited by the concentrations of DBMIB which severely inhibited the H+ changes driven by the H20 -- electrode was calibrated at each temperature by determining the total recorder deflection due to 02 evolution by spinach chloroplasts photoreducing a known amount of ferricyanide (0.4 mM). See text for the computation of electron flow rates from 02 uptake rates in the asc/DAD MV reaction.
MV reaction (Table II) . The DBMIB-insensitive H+ uptake, however, was completely abolished by DCMU. These data clearly indicate an energy conservation reaction associated with PSII.
DISCUSSION
We have shown that very substantial photochemical activities of maize BS chloroplasts can be detected in situ when isolated BS fragments are illuminated with appropriate redox agents at optimal concentrations. The PSII activity using DMQ as oxidant averaged 300 ,ueq/hr mg Chl at 21 nearly an order of magnitude than those previously reported for the photoreduction of benzoquinone in isolated maize BS cells (19, 28) . They also exceed the rates reported for benzoquinone reduction in Digitaria BS cells (21) , and approach the value of 660 ,ueq/hr-mg Chl which Hardt and Kok (9) reported recently for the photoreduction of oxidized p-phenylenediamine in isolated maize chloroplasts. The same is true of the rates we found for the whole chain reaction H20 --+MV (200-350 ,ieq/hr-mg Chl) and for the PSI reaction ascorbate/DAD -+ MV (400-700 ,ieq/hr mg Chl), if one considers that the PSI activity given by Hardt and Kok (1000 ,teq/hr-mg Chl) was apparently not corrected for the extra 02 consumption due to the oxidation of ascorbate by°2 -These PSI and PSII activities are approximately one-half of those normally found in isolated spinach chloroplasts. The true capability of maize BS chloroplasts may be higher than indicated by the above values, since in our system it is unlikely that the rates were completely free of limitation by diffusion barriers, while in the cell-free system of Hardt and Kok the chloroplasts used presumably suffered some damage during isolation. Indeed we found it only too easy to isolate, even from our best BS preparations, chloroplasts which show negligible PSII activity (data not shown). The notion of "deficient PSII" seems subject to question.
Although the data presented in this paper are all from experiments in which 2-to 4-week-old plants were used as the material, our preliminary experiments revealed no dramatic variations in PSII activity or PSI activity with the aging of the plants from 1 week to 6 weeks.
The phenomenon of the light-dependent, uncoupler-sensitive H+ uptake by BS fragments (Fig. 7A and Tables I and II) allows one to look into the function of the thylakoid electron transport chain with respect to energy conservation in vivo. The fact that the DBMIB-insensitive component of the DMQ photoreduction can drive H+ uptake (Table II) indicates that the segment of the electron transport chain H20 --PSII -* plastoquinone is coupled to energy conservation. The H+ uptake supported by the DCMU- (16, 27) , and that both of these sites are operative in vivo. The ability of isolated maize BS chloroplasts to support pyocyanine-or N-methylphenazonium ion-mediated cyclic photophosphorylation is already known (23 (18, 20) . Such an intracellular location of BS chloroplasts may well facilitate ion exchanges through the plasmodesmata. It is tempting to speculate that the trans-wall H+ exchanges may play a key role in the intercellular transport of organic acids believed to be essential for C4 photosynthesis (I 1).
